Background and Aims This study examined the effect of plant traits and environmental factors on pollinator visitation in the winter-flowering Helleborus foetidus (Ranunculaceae) in three distant regions in the Iberian Peninsula.
I N T R O D U C T I O N
Recent studies on the evolutionary ecology of plantpollinator interactions are based on the premise that variation in plant traits influences reproductive success by affecting such interactions (e.g. Schemske and Horvitz, 1989; Campbell et al., 1991; Herrera, 1993; Mitchell, 1993; O'Connell and Johnston, 1998; Guitián et al., 1999; Maad, 2000) . A considerable number of studies have shown that individual variation in flower and/or inflorescence traits frequently translates into individual fitness differences, as a result of effects on pollinator behaviour, visitation frequency and/or pollinator spectrum composition (e.g. Waser and Price, 1981; Klinkhamer et al., 1989; Robertson and Wyatt, 1990; Cresswell and Galen, 1991; Conner and Rush, 1996; Gómez, 2000; Philipp and Hansen, 2000; Gigord et al., 2001) . Plant characteristics influencing pollinator visitation rate include those related to floral design (e.g. flower colour, size or number), and the spatial and temporal arrangement of flowers (see references in Thompson, 2001; Mitchell et al., 2004) . However, other studies have shown that individual differences in flower or inflorescence traits are either inconsequential or quantitatively negligible in explaining individual fitness differences (Herrera, 1996) . Two categories of factors may account for the latter observations: (1) variations in flower or inflorescence traits may have little or no influence on pollination success (e.g. Andersson, 1994; Wilson, 1995; Wilson and Thomson, 1996; Herrera, 2001) ; (2) even if pollinators discriminate among individual plants in response to floral phenotypes, eventual fitness differences may be blurred by factors unrelated to the plant-pollinator interaction (e.g. postpollination events on developing fruits; Herrera, 1993 Herrera, , 2000a . But site-specific effects may be as, or even more, important than plant phenotypic characteristics as determinants of plant-pollinator interactions. O'Connell and Johnston (1998) , for example, found that microhabitat characteristics (e.g. presence of ericaceous shrubs or open canopy) had a larger effect on pollination success in the orchid Cypripedium acaule than floral traits. In the Mediterranean shrub Lavandula latifolia, Herrera (1995a) found that individual variation in pollinator composition depended on the sunlight regime associated with each plant's location, rather than on intrinsic plant characteristics. Site-specific effects of this kind (see also Laverty, 1992; Niesenbaum, 1994) , whereby 'where the plant is' may be more important than 'how the plant is', in explaining individual differences in plants' reproductive performance, are probably quite common among forest understorey plants (Herrera, 1995a , and references therein), but few studies have directly addressed such effects.
The aim of this paper is to evaluate the importance of intrinsic factors (i.e. plant-and flower-related phenotypic traits) and extrinsic factors (i.e. site-and environmentrelated factors) in explaining individual differences in pollinator visitation in the winter-flowering herb Helleborus foetidus (Ranunculaceae). To explore whether patterns remained consistent among regions, the study was conducting at three widely separated areas of the species range in the Iberian Peninsula. Helleborus foetidus is well suited to investigate the relative importance of intrinsic and extrinsic factors as determinants of pollination-related individual differences in reproductive success. The species flowers in winter in different habitat types Thus, unfavourable weather frequently limits pollinator activity; further, differences in environment between H. foetidus growing sites could in turn affect the foraging behaviour and visitation rates of insect pollinators (e.g. Beattie, 1971; Herrera, 1995b) . Specifically, this study aims to assess (a) whether floral traits and environmental factors vary among the study regions, and (b) whether such variations account for differences in pollinator visitation rates.
M A T E R I A L S A N D M E T H O DS

Study system and sites
Helleborus foetidus L. is a perennial herb widely distributed in western, central and south-western Europe (Werner and Ebel, 1994) . In Spain it may be found in clearings, forest edges and understorey of mixed forests. Every season, plants produce one to several inflorescences (range 1-9) with 25-100 flowers each. Flowers are apocarpous (no. of carpels range 1-5), with the stigmas borne at the end of a long style. The anthers (range 25-60) start to dehisce when flowers are 6-8 d old, producing pollen for approx. 2 weeks. The floral nectaries are hidden inside a globose corolla, and produce abundant nectar (Herrera and Soriguer, 1983; Vesprini et al., 1999) . Functionally, flowers are hermaphroditic, protogynous and self-compatible, but substantial seed production requires insect pollination. The extremely long-lived flowers (up to 20 d; Vesprini et al., 1999) are mainly pollinated by bumblebees .
This study was conducted in 1998 in three mountain regions in Spain (Caurel, Cazorla and Mágina, Fig. 1 ; see also Herrera et al., 2001 Herrera et al., , 2002 . The closest regions (Cazorla and Mágina) were 50 km apart; the most distant regions (Caurel and Cazorla) were 850 km away. In each region two populations were selected and 192 plants were tagged overall (Caurel, n = 31 and n = 33 in each population; Cazorla, n = 34 and n = 34; Mágina, n = 30 and n = 30). Plants grew isolated or in groups of three to five individuals, scattered throughout the study areas. In Mágina, H. foetidus is the only flowering plant during most of the study period. In Cazorla it coexists with Daphne laureola (Thymeleaceae), and in Caurel with Primula acaulis subsp. acaulis (Primulaceae).
Pollinator censuses
Geographical variation in floral visitor assemblage, abundances, and preferences for tagged plants, were assessed by censuses conducted in all regions during the flowering season (late February to late April). Between 20-25 censuses (3 min each) were conducted for each plant (3262 censuses overall). In each census the taxonomic identity of all floral visitors, and the number of flowers visited on the focal plant, were noted. A detailed description of the procedure is given elsewhere ).
Plant traits
To investigate possible relationships between visitation rates and plant traits, several variables related to floral advertisement and reward were estimated. As a measure of the plants' flowering pattern, the numbers of open, fully functional flowers (NOF), irrespective of whether they might be in the female or male phase, were recorded every day, before censuses were started and for each plant. were estimated. NOF and CorLen may be related to pollinators' perception of floral display, thus to the decision to visit or reject a plant. NStams and NNect describe the amount of reward that visitors may find once they probe a flower. Overall, 820 flowers were collected.
Environmental factors
To characterize the plants' light environment, hemispheric photographs of the forest canopy were taken above each tagged plant in all regions, using a Nikon SLR camera with a Nikkor fisheye 16-mm lens, placed horizontally and oriented north-south by each plant. All photographs were taken under similar light conditions (i.e. uniformly overcast sky, late in the afternoon; Steege, 1996) . Photographs were scanned and then analysed with WinPhot 5.0 (Steege, 1996 ; available at http://www.bio. uu.nl/$boev/staff/personal/htsteege/winphot/wp_index.htm) for estimation of direct light, diffuse light, total light and percentage vegetation cover (%Cover) above the plant. In addition, the sunlight regime of each plant (Sun) was characterized before each census, by scoring plants according to the following scale: if the plant was under direct sunlight during the census it was scored 1; if it was partially shaded it was scored 0Á5; if it was in full shade it was scored 0. The average value of the scores for all censuses of a given plant provides a global measure of that plant's sunlight regime. Finally, temperature (Temp) in the immediate vicinity of each plant was recorded before each census, and the distance between each tagged plant and its closest flowering conspecific (Dist) was also noted, in order to assess whether the location of a plant relative to other plants affected the likelihood of its visitation.
Data analyses
A preliminary analysis indicated that none of the variables considered showed significant variation among populations within each region, so the data were pooled within each region. One of the populations in Mágina was excluded due to the very low pollinator visitation rate (six visits in 626 censuses).
Among-region variability in plant traits and environmental factors was analysed using generalized linear mixed models (GLIMMIX; SAS Institute, 1996) , one for each variable tested, according to their error distribution and using the default link function. Variables replicated within plants (i.e. obtained from censuses or flowers) were nested within plants, and these within region. These included all floral traits, Temp and Sun. In the case of variables obtained 'per plant' (i.e. no within-plant replicates), plants were nested within regions. These were Dist and %Cover. Variations among regions in pollinator abundance were tested by fitting a generalized linear model (GENMOD; SAS Institute, 1996) . All visitors recorded during censuses were grouped into five classes: Andrena spp., Anthophora spp., Apis mellifera, Bombus spp. and other. Region, pollinator class and their interaction were considered as factors. The response variable was modelled as binomial (ratio between the abundance of each pollinator group and the overall pollinator abundance in each region). Variations among regions in pollinator visitation rates were tested in a similar way, treating each 3-min census as a sampling unit. A binomial response variable (whether the plant was visited or not during each census) was used as the estimator of visitation rates, because the large number of zero values recorded in some regions (see Results) precluded the use of direct counts.
To investigate the relationships between visitation probability and plants' biotic and environmental traits, individual plants were considered as study subjects; thus data obtained from censuses or flowers were averaged for each plant, while measures taken per plant were used as such. The dependent variable was modelled as binomial (ratio between the number of censuses yielding at least one visit and the total number of censuses on that plant), thus a generalized linear model (multiple regression; GENMOD) was used. As predictors for intrinsic traits the following were used: mean number of open flowers (NOF), mean corolla length (CorLen), mean number of stamens per flower (NStams), and mean number of nectaries per flower (NNect). To select predictors among extrinsic traits the following procedure was used. Information obtained from photographs mainly account for the environmental light conditions around each study plant. A principal component analysis (not shown here) was previously carried out on the variables obtained from hemispherical photographs (separately for each region), to identify orthogonal factors that might reduce the number of original variables. In all cases, the analyses revealed the existence of a single axis accounting for most of the variance. Thus, to simplify the interpretation of the results, only %Cover was retained as predictor for the environmental variables extracted from hemispherical photographs, given its straightforward interpretation in the context of this study. Further, mean air temperature (Temp) and average sunlight regime (Sun), both accounting for the environmental conditions suitable for pollinators, and distance to the closest flowering neighbour (Dist), were also included. A quadratic term for Temp was also considered, to detect possible non-linear relationships.
R E SU L T S
Variation in plant size, floral display and biotic traits All floral traits showed significant among-region variation (Table 1A) . Plants in Mágina had the largest flowers and highest stamen number, while nectary number was highest in Caurel (Table 1B) . Significant variations were also observed both within and among plants, but within-plants variation was greater than among-plants variation. Further, significant among-region variation in plant size (PLSZ, total number of flowers produced by each plant over the season; Table 1A ) was also found. Plants in Mágina were larger than plants in Caurel and Cazorla (Table 1B) . Similarly, significant among-region variation in floral display (number of flowers open on a census day, NOF) was found. Again, plants in Mágina had significantly higher floral display than plants in Caurel and Cazorla (Tables 1A and 1B) .
Variation in environmental traits
All environmental variables showed among-region variation (Table 2A ). Significant variations were also observed, both within plants (Temp and Sun) and among plants (all variables). Again, for Temp and Sun, the within-plants variation (i.e. the day-to-day pattern of differences among censuses) was more marked than the among-plants variation. Overall, Cazorla was the coldest region (Table 2B) . Plants in Cazorla were also the least exposed to direct sunlight. Mágina was the warmest region and had the most sunlight-exposed plants.
Plant traits and environmental factors in relation to pollinator visitation rates
Overall pollinator abundance differed among regions (Region: c 2 = 121Á78, P < 0Á001), and the relative abundance of the different pollinator groups also differed among regions (Region · PollClass effect: c 2 = 89Á76, P < 0Á001). Thus, Bombus species accounted for 85Á79 % of visits in Cazorla, 61Á26 % in Caurel and 50Á77 % in Mágina (Table 3 ). Significant differences were found among regions in the probability that a plant was visited (Region: c 2 = 7Á64, P < 0Á02). Plants were more likely to be visited in Caurel (11Á64 % of the censuses yielded at least one visit) than in Cazorla (6Á46 %) and Mágina (2Á10 %). Some plants in Caurel and Cazorla were visited regularly (i.e. showed consistently higher visitation rates); in Mágina, however, no such pattern was observed. Overall, visitation rates were rather low, even in the regions where pollinators were more abundant. Table 4 shows the results of the regression models of plant and environmental traits on the likelihood that a plant was visited. Plants with a larger floral display (i.e. higher NOF) tended to receive more visits than those with a smaller display (parameter estimates6standard error: Caurel, 0Á09 6 0Á04; Cazorla, 0Á14 6 0Á05; Mágina, 0Á02 6 0Á01; Fig. 2) . None of the other plant or environmental traits was a consistently significant determinant of likelihood of visitation.
D I S C U S S I O N
The results show significant variation: (a) in all plant traits within plants, among plants and among regions, confirming the findings by Herrera et al. (2001 Herrera et al. ( , 2002 ) for a wider range of H. foetidus populations throughout the Iberian Peninsula; (b) in all environmental factors within plants, among plants and among regions (see Herrera, 1995a , and references therein); and (c) in pollinator abundance and in the likelihood that a plant will be visited among regions, as found by many other authors (see Herrera, 1988 Herrera, , 1995a Horvitz and Schemske, 1990; Eckhart, 1992; Waser et al., 1996) . Finally, the analyses show that floral display (i.e. number of open flowers on a plant) was the only one of the factors considered that had a consistent significant effect on pollinator visit likelihood in all the study regions.
Considering the relative importance of biotic versus abiotic factors as determinants for a successful pollination, the influence of the latter may be presumably more important in plants flowering during periods of adverse weather (e.g. Herrera, 1995a; Aizen, 2003) , as has been observed, both at a macro-and micro-climatic level, for some winterflowering herbs (see Herrera, 1995b , and references therein). However, there are examples of winter-or early spring-flowering plant species that show high natural, although slightly pollen-limited, fruit set (see Herrera, 2002) , and it has been documented, for several earlyblooming species, that the influence of abiotic factors is not relevant when compared with that of biotic traits related to pollinator attraction (e.g. floral display or flower duration; see Motten, 1986; Totland and Matthews, 1998; Herrera, 2002) . In the present study, only floral display had a significant effect on pollinator visits in all the study regions. Although flower size (corolla length) and potential reward (number of stamens and nectaries) may be potentially important traits for explaining differences between plants in visitation rates (e.g. Young and Stanton, 1990; Eckhart, 1991; Burd, 1995; Conner and Rush, 1996; , none of them were significant predictors in the present study (see also Totland and Matthews, 1998) .
Numerous authors have found that pollinator attraction is affected by floral display, whether defined as plant size, number of flowers per inflorescence, or in terms of the T A B L E 1A. Results of the generalized linear mixed models testing the differences in floral traits among study regions spatiotemporal pattern of presentation (Cruzan et al., 1988; Eckhart, 1991; de Jong and Klinkhamer, 1994) . The present results agree with these findings, suggesting that pollinators of H. foetidus select plants with a larger floral display, and are consistent with the view that, in winter-flowering species in areas with adverse climatic conditions, a better floral display improves attractiveness to pollinators (see references in Totland and Matthews, 1998) . The way and extent to which different pollinators may respond to variations in floral display has recently been the subject of considerable attention (see Thompson, 2001 ). In the case of H. foetidus the effect of floral display on visit rate was consistent among regions, suggesting that the different pollinators respond in a similar ways to variations in floral display. None of the environmental factors considered were significant predictors of visitation rates, despite the variability found in these factors at the spatial scale analysed. The importance of sunlight to visitors has been suggested, as it may modify their selection preferences and ability to manipulate certain plants depending on location (e.g. Beattie, 1971; Chazdon, 1988; Herrera, 1997) . Furthermore, the irradiance mosaic may influence not only the plants' likelihood of being visited, but also the taxonomic composition of the visitor assemblage (Herrera, 1997) , thus affecting plant fitness in demographic and evolutionary terms (Herrera, 2000b) . Finally, related variables, such as air temperature or plant cover, may also impose restrictions on flower visitors (e.g. Murcia, 1990; Herrera, 1995a; Totland, 2001) . Nevertheless, no consistent effects of any of these factors on visitation rates in any region were detected. Similarly, visitation rates were not affected by the spatial distribution of plants, which may also affect the likelihood of successful pollination (e.g. Sih and Baltus, 1987; Sowig, 1989; Laverty, 1992; Karban, 1997; O'Connell and Johnston, 1998 ; but see Jennersten and Nilsson, 1993) .
Pollinator preferences according to biotic and abiotic traits
The lack of effects of the factors analysed, other than floral display, on pollinator visitation likelihood might be attributable to (a) a lack of variability in the factors analysed at the spatial scale considered here, which is obviously not the case (see Results and Herrera et al., 2002) or (b) variability in these factors at a level below that detectable by pollinators. In this sense, pollination services throughout the T A B L E 2A. Results of the generalized linear mixed models testing the differences in environmental traits among study regions Helleborus foetidus is self-compatible, thus pollinators visiting plants with a large floral display may visit several flowers sequentially, presumably favouring geitonogamous self-pollination. Additionally, changes in flight distance in response to floral displays may influence mating patterns within populations (see Mitchell et al., 2004, and references therein) . From a different perspective, it has been predicted (see Cruzan et al., 1988; Mitchell, 1993) that selection for floral traits that increase attractiveness for pollinators will act primarily through male function, i.e. pollen donation (see Willson, 1979; Queller, 1997) . As a result, it is difficult to predict the extent to which differences in the rate of visits to H. foetidus plants will translate into fitness differences. Further, geographical variation captured in this study involves differences between areas with a Mediterranean (Cazorla and Mágina) and Atlantic climate (Caurel), with contrasting conditions. Although such climatic differences do not influence the flowering phenology of the study species (H. foetidus starts flowering roughly at the same time in all study regions; pers. obs.), their contribution may modulate in a different way the pollination processes considered. Thus, a more complete understanding of the consequences of environmental factors and plant traits for reproductive success in H. foetidus will require additional exploration of the extent to which variation in environmental factors may lead to among-plant variation in vegetative characters influencing plant fitness. 
